Together, these data demonstrate that human brain cells (both neurons and non-neuronal cells) can be aneuploid and that the resulting genetic mosaicism is a normal feature of the human CNS.
Introduction
Aneuploidy is defined as the loss and/or gain of chromosomes to produce a numerical deviation from multiples of the haploid chromosomal complement (King and Stansfield, 1990) . It exists in cells of the developing and adult mouse brain (Rehen et al., 2001) . Aneuploidy in these cells arises at least in part via chromosome missegregation mechanisms during mitosis . The existence of aneuploid cells in normal humans is unknown; however, human genetic diseases that produce systemic aneuploidy can affect morphogenesis (Kalousek, 2000) and correlate with the severity of several neurogenetic disorders such as Down's syndrome (Modi et al., 2003) , Turner syndrome (Nazarenko et al., 1999) , and mosaic variegated aneuploidy syndrome (MVA) (Bitoun et al., 1994) . Toward determining the presence of constitutional aneuploidy in the human brain, we report here an analysis of the frequency of chromosome 21 gain and loss among neurons and non-neuronal cells isolated from the cerebral cortex and hippocampus of normal individuals ranging from 2 to 86 years of age. Chromosome 21 was chosen for examination because of the availability of trisomy 21 cells (Bhattacharyya and Svendsen, 2003) that could serve as a positive control for fluorescence in situ hybridization (FISH).
Materials and Methods
Tissue collection. Fresh-frozen samples of postmortem brain tissue from normal cerebral cortices and hippocampi were obtained from the Harvard Brain Bank (United States Public Health Service MH/NS 31862) and from the University of Miami/University of Maryland Brain and Tissue Bank (National Institute of Child Health and Human Development NO1-HD-8-3284). Samples were thawed before mincing and incubated in Ca 2ϩ /Mg 2ϩ -free PBS supplemented with 2 mM EGTA for 30 -60 min at 4°C. After incubation, samples were triturated with a series of 1 ml pipette tips of decreasing diameter, filtered with a 40 m cell filter (BD Biosciences, Bedford, MA), and centrifuged at 500 ϫ g for 5 min. After centrifugation, the supernatant was discarded, and the cell pellet was resuspended in a small volume of PBS. Nuclei were isolated by detergent lysis as described previously and fixed briefly for 15 min in icecold 1% paraformaldehyde (Ausubel et al., 1994; Rehen et al., 2001) . As a control, metaphase spreads and nuclei from human lymphocytes isolated from a normal 33-year-old male were prepared and analyzed according to standard techniques (Barch et al., 1997) . To demonstrate the specificity of the FISH probes with regard to detecting numerical abnormalities of chromosome 21, neural progenitor cells derived from Down's syndrome fetuses (Svendsen et al., 1998; Bhattacharyya and Svendsen, 2003) , kindly provided by Dr. Clive N. Svendsen (Waisman Center, University of Wisconsin, Madison, WI), were also analyzed.
FISH probes. FISH "paint" probes against the whole q arm of chromosome 21 and a point probe against a region on the q arm of 21 (21q22.13-q22.2) were obtained from Vysis (Downer's Grove, IL). Fluorescence images were captured using a Zeiss Axioskop microscope and Axiocam CCD camera (Carl Zeiss, Thornwood, NY) .
Cell sorting and immunocytochemistry. Isolated nuclei from brain samples were blocked for 30 min in PBS and 2.5% BSA, washed, and then incubated for 1 h at room temperature with primary mouse antibody against neuron-specific nuclear protein (NeuN) (1:100; monoclonal antibody 377; Chemicon, Temecula, CA), a known nuclear antigen in neurons (Mullen et al., 1992) . Subsequently, NeuN-labeled cells were detected using an Alexa Fluor 488-labeled donkey anti-mouse secondary antibody (1:500; Molecular Probes, Eugene, OR). Nuclei were sorted using the Becton Dickinson (Mountain View, CA) FACSAria system, and the purity of sorted nuclei was confirmed by direct microscope observa-tion. FISH was performed as described previously (Rehen et al., 2001; Kaushal et al., 2003) .
Data analysis. Between 500 and 1500 cells per human brain sample, as compared with lymphocytes, were hybridized using dual-color FISH, counted by two blinded individuals, and analyzed using Microsoft (Seattle, WA) Excel. To assess the specificity of the FISH probes with regard to detecting numerical abnormalities of chromosome 21, 150 neural progenitor cells derived from Down's syndrome fetuses (Svendsen et al., 1998; Bhattacharyya and Svendsen, 2003) were also counted.
Results
Chromosome 21 aneuploidy is observed among cells isolated from the normal human brain FISH was used to examine chromosome number in individual cells in interphase (i.e., cells without condensed chromosomes), as reported previously for brain tissue sections of mouse (Rehen et al., 2001 ) and diseased human brain ). However, the use of brain sections has the disadvantage of producing partial nuclei or closely apposed nuclei that can result in chromosome loss or gain artifacts, respectively (Rehen et al., 2001; Yang et al., 2001) . To eliminate sectioning artifacts, individual brain cell nuclei were isolated for FISH. This population of nuclei consisted of both neural cells (i.e., neurons and glia) and non-neural cells (e.g., endothelial cells and microglia). To identify neuronal nuclei, immunolabeling for NeuN was combined with FISH.
To increase the specificity of chromosome 21 FISH, two distinct kinds of nucleotide probes using different colors were used whereby isolated nuclei were hybridized with a chromosome 21 paint (a mixture of probes specifically against the whole q arm of chromosome 21) and double-labeled with a different-colored probe for 21q22.13-q22.2. Only double-labeled chromosomes were quantified, to reduce the possibility of false-positive and false-negative hybridization signals ( Fig. 1 A,C) .
Control FISH counts on ϳ1500 human lymphocyte interphase nuclei ( Fig. 1 B) identified rates of aneuploidy of 0.6% (Table 1) , consistent with previously published data in humans (Leach et al., 2004) . In addition, FISH specificity for detecting chromosome 21 gain in neural cells derived from Down's syndrome fetuses (Fig. 1C,D , Table 1 ) validated our enumeration criteria for examining chromosome 21 aneuploidy in the CNS. These control data were analyzed in parallel with ϳ9000 interphase nuclei isolated from the cerebral cortex and hippocampus of six normal individuals, which were hybridized and counted using the same protocol applied to control cells (i.e., human lymphocytes and Down's syndrome neural cells). On average, ϳ93% of the cells isolated from the brains of individuals ranging from 2 to 86 years of age were disomic for chromosome 21, whereas 4% of these cells had gained or lost one copy of chromosome 21 (Table 1) . Monosomic, trisomic, and even tetrasomic chromosome 21 cells were present in every brain examined ( Fig. 1 E-H ) . Cells missing both copies or harboring more than four copies of chromosome 21 were not observed in this population. It is noteworthy that the mean copy numbers of chromosome 21 in brain cells and lymphocytes were 2.05 and 2.00, respectively (Table 1) , corresponding to a ploidy difference that is likely undetectable by classical methods (Podlisny et al., 1987) . This extent of aneuploidy was also observed in preliminary analyses using sex chromosomes and two other autosomes (data not shown). Together, these data demonstrate that millions of aneuploid cells, defined by even a single chromosome, are present in the human brain, regardless of age and in the absence of any documented neurological condition or preexisting disease.
Both postmitotic neurons and non-neuronal cells are aneuploid in the human brain Glial cells, which represent the majority of brain cells (Pakkenberg et al., 2003) , are able to proliferate in some pathological circumstances in the adult brain, whereas postmitotic neurons cannot reenter the cell cycle to proliferate. To determine whether chromosome 21 aneuploidy was present in both postmitotic neu- rons and non-neuronal cells in the normal human brain, nuclei isolated from one infant and two adult individuals were incubated with an antibody against NeuN, a known nuclear antigen specific for neurons (Mullen et al., 1992) . NeuN-labeled nuclei were then sorted by fluorescence-activated cell sorting (FACS) (Fig. 2 A) to produce Ͼ99.5% enrichment of NeuN-positive nuclei (Fig. 2 B) . These purified populations were then examined by chromosome 21 FISH. From analyses of FACS-purified nuclei, both neurons and non-neuronal cells accounted for the aneuploid population present in the human brain (Table 2) , indicating that the mechanisms able to generate chromosome gain and loss may be similar for both cell types . In summary, these results demonstrate that neurons as well as nonneuronal cells constitute the aneuploid population present in the human brain.
Discussion
Based on a strategy that combines nuclear isolation, multiprobe FISH, immunocytochemistry, and FACS, the rates of chromosome 21 gain and loss were determined in cells isolated from the brains of normal human individuals. Significant levels of gain and loss were detected, demonstrating that the normal human nervous system contains aneuploid cells. Furthermore, the observation of chromosome 21 gain and loss in NeuN-positive cells supports the view that aneuploid postmitotic neurons may participate in the cortical circuitry of the human brain (Rehen et al., 2001; Kaushal et al., 2003; Yang et al., 2003) .
Previous studies of normal murine embryonic brain demonstrated the existence of neural aneuploid cells (Rehen et al., 2001; Kaushal et al., 2003 ) generated at least in part by chromosomal missegregation mechanisms during mitosis . The observation of both monosomy and trisomy for chromosome 21 suggests that nondisjunction may account for the generation of aneuploid neurons in the human brain as well.
In view of the existence of aneuploidy in the mouse and human brain, the role or roles of this genome-altering change remain to be determined. It is notable that the 4% rate of aneuploidy described here is based only on analysis of a single autosome, and in theory, if the loss and gain of whole chromosomes are similar and unbiased for other chromosomes, the overall percentage of aneuploid neurons and aneuploidy in the human brain will be much higher. One hypothetical function of aneuploidy is as a mechanism for generating cellular diversity through chromosomal variation. This is consistent in concept with a recent report describing large-scale copy-number polymorphisms among individuals as a new factor in understanding genomic diversity and disease susceptibilities (Sebat et al., 2004 ). Our results demonstrate that chromosome copy-number differences produced by aneuploidy can also vary within neuronal populations from single individuals and among individuals, suggesting another layer of systemic genetic complexity. It may also provide a link between aneuploidy and human brain diseases (Heston and Mastri, 1977; Schweber, 1985; Potter, 1991; Yurov et al., 2001) , including cases in which certain non-neuronal aneuploid cells in the brains of normal patients may, under appropriate conditions, contribute to brain tumorigenesis (Lengauer et al., 1998) .
Constitutive aneuploidy was found at all ages, from infants (age 2, 3.2% aneuploidy) to young adults (age 15, 3.8% aneuploidy), through middle age (ages 35 and 48, 3.6% aneuploidy), and in geriatric samples (ages 77 and 86, 4.8% and 5.2% aneuploidy, respectively). These data do not rigorously address potential quantitative changes that might occur with age, which would require much larger sample sizes, and do not address the possibility of neuroanatomical differences in aneuploidy rates. By vir- tue of using FISH probes against chromosome 21, our data can be compared with previous studies of Alzheimer's disease (AD) brains Yang et al., 2001 ) and hypotheses on a relationship between Down's syndrome and AD (Heston and Mastri, 1977; Schweber, 1985; Potter, 1991) . As reported for AD, tetrasomic cells could involve cell-cycle re-entering processes associated with neuronal death and would not fit the definition of aneuploidy Yang et al., 2001; Herrup and Arendt, 2002; Herrup et al., 2004) . The existence of tetrasomic as well as aneuploid cells in normal human brain reported here was not observed previously in normal controls Yurov et al., 2001) , which likely reflects increased sensitivity of FISH on isolated nuclei used here and/or use of multiple loci probes for a single chromosome. The hypothesis that AD may involve trisomy 21 is intriguing albeit controversial (Heston and Mastri, 1977; St George-Hyslop et al., 1987) and based primarily on non-neuronal trisomic 21 cells from AD patients (Geller and Potter, 1999) . The finding here that trisomic 21 neurons exist in the normal brain, without an obvious relationship to AD, suggests that a basal level of trisomy is not correlated with AD, even in an 86-year-old individual. However, we speculate that a combination of factors, including age [a hint of increased trisomic 21 cells is present in our samples (Table 1) ] might increase the relative population of trisomic 21 cells toward approximating a Down's syndrome-like condition that contributes to AD. Future studies using AD brains could assess this possibility. Increased rates of constitutive aneuploidy in humans could contribute to disruption of normal brain development and/or function. Down's syndrome represents a special case in which chromosome 21 trisomy produces clear CNS defects. A disease producing more pervasive increases in constitutive aneuploidy is MVA, a genetic recessive disorder characterized in part by mosaic aneuploidies, predominantly trisomies and monosomies, and cancer predisposition (Kawame et al., 1999) . A recent report (Hanks et al., 2004) identified mutations in the mitotic spindle checkpoint protein, BUBR1, in five MVA families, which indicated a causal link between gain and loss of whole chromosomes and cancer. Coincidentally, MVA is also associated with mental retardation, severe brain anomalies, and microcephaly (Bitoun et al., 1994) , and the exacerbation of normal aneuploidy levels may lead to a variety of neural sequelas, including increased neural cell death and/or aborted neurogenesis, which could account for the observed microcephaly. Furthermore, locus triplication of ␣-synuclein is linked to Parkinson's disease (Singleton et al., 2003) that could hypothetically be produced by a chromosome 4 trisomy. The relationship between constitutive aneuploidy and increased non-neural cancer predisposition combined with deleterious neural sequelas likely extends to other genes affecting ploidy, as reported for Ataxia-Telangiectasia mutated (McConnell et al., 2004) . We speculate that a range of normal-throughdiseased neural functions reflect a continuum of quantitative and qualitative aneuploidy differences in the CNS. 
